Abstract Background/Aims: Colorectal cancer (CRC) is one of the most common malignancies worldwide, and microRNAs play a crucial role in CRC biology. The purpose of this study was to investigate the exact functions and potential mechanisms of action of miR-301a in CRC. Methods: Quantitative real-time PCR was conducted to assess the expression of miR-301a. Cell proliferation was detected using MTT and colony formation assay, and cell invasion and migration were evaluated using Transwell assay. Luciferase reporter assay was used to identify the direct regulation of suppressor of cytokine signaling 6 (SOCS6) by miR-301a. Results: We first confirmed the upregulation of miR-301a in CRC tissues and cell lines. Gain-of-function and loss-of-function studies in the human CRC cell lines, SW480 and SW620, showed that miR-301a acts as an oncogene by increasing cell proliferation, migration and invasion as well as tumor growth. Furthermore, SOCS6 was identified as a target gene of miR-301a. Reintroduction of SOCS6 partially abrogated miR-301a-induced cell proliferation, migration and invasion. Conclusion: These data suggest that miR-301a promotes CRC progression by directly downregulating SOCS6 expression, and miR-301a may represent a novel biomarker for the prevention and treatment of CRC.
Introduction
Colorectal cancer (CRC) is one of the most common malignant tumors worldwide [1] . Disease progression and metastases are responsible for the majority of cancer deaths, and metastatic disease is present in up to 30% of cases at presentation [2] [3] [4] . Although major efforts have been made in metastasis research in recent decades, patients with advanced CRC continue to experience poor prognosis and a high death rate [5, 6] . Consequently, identification of potential targets for early diagnosis and therapy of CRC is urgently required.
MicroRNAs (miRNAs) are small (~21-25 nucleotides), non-coding single stranded RNAs that are a novel cluster of target gene regulators [7] . These small RNAs are involved in various biological processes associated with cancer, such as cell proliferation, apoptosis, differentiation and invasion, acting by repressing translation of mRNA to protein or inducing mRNA cleavage in a sequence-specific manner [8] . Accumulating evidence has demonstrated that miRNAs contribute to CRC tumorigenesis and progression as oncogenes or tumor suppressors [9] [10] [11] . For example, miR-198 was reported to be down-regulated in CRC tissues and to repress tumor growth and metastasis by targeting fucosyl transferase 8 [12] . Fang et al. found that overexpression of miR-17-5p promoted chemotherapeutic drug resistance and tumor metastasis of colorectal cancer by repressing PTEN expression [13] . Park et al. showed that miR-124, miR-27a, and miR-30b negatively regulated KITENIN expression and that through this mechanism they suppressed the migration and invasion of several CRC cell lines [14] . Therefore, miRNAs could serve as therapeutic targets in CRC. A recent report demonstrated that expression levels of miR-301a are significantly upregulated in CRC [15] . However, the potential mechanism of miR-301a in CRC has not been completely elucidated.
In this study, we first confirmed that expression levels of miR-301a were upregulated in CRC tissues and cell lines. Further study showed that miR-301a promoted CRC cell proliferation, migration, and invasion in vitro and tumor growth in vivo. The oncogenic effects of miR-301a could be partially attributed to the decreased expression of suppressor of cytokine signaling 6 (SOCS6). These results provide new insights into the potential mechanisms of CRC oncogenesis and metastasis.
Materials and Methods

Tissue samples and cell lines
Twenty pairs of CRC tissues and matched adjacent normal tissues were obtained from patients in Huashan Hospital, with written informed consent and agreement. This study was approved by the Medical Ethics Committee of Huashan Hospital. All specimens were from untreated patients undergoing surgery and were snap-frozen and preserved at -80°C. Human CRC cell lines (SW480, HT29, SW620 and LoVo) were purchased from the cell bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen). A normal colon epithelial cell line (FHC) was grown in DMEM: F12 supplemented with 10% FBS.
Lentivirus production, plasmid construction and transduction
Expression plasmids of miR-301a, antisense oligonucleotides against miR-301a (anti-miR-301a), and the SOCS6 coding region with and without the 3′UTR were purchased from Hanbio (Shanghai, China). Lentiviral packaging and infection of CRC cells were performed according to the manufacturer's protocol (Hanbio). The 400 bp sequence of the SOCS6 3′-UTR containing the predicted miR-301a binding sites was amplified by PCR and cloned into pMIR-REPORT (Ambion, Austin, TX) according to the manufacturer's instructions. A mutant miR-301a binding site with three mismatched nucleotides was created using the QuikChange site-directed mutagenesis kit (Stratagene, Santa Clara, CA) and confirmed by sequencing.
RNA extraction and quantitative real-time RT-PCR
Total RNA was extracted with TRIzol reagent (Invitrogen) and treated with RNase-free DNase I (Qiagen, Hilden, Germany). For miRNA expression analysis, 1 μg of DNase I-treated RNA was converted into cDNA ) were seeded into 96-well plates, and 20 μl of 5 mg/ml MTT was added to each well at 0, 24, 48, 72, and 96 h. The cells were then incubated at 37°C for another 4 h before 150 μl DMSO was added. Cell viability was assessed by measurement of absorbance at 490 nm using a microplate reader. For colony formation assay, cells (200/well) were plated into six-well plates and cultured for 14 days. At the end of the culture period, the cells were stained with 0.05% crystal violet for at least 1 hour. The number of colonies was assessed in four different fields. Experiments were conducted in triplicate.
Wound healing and matrigel invasion assays
For the wound healing assay, cells (5 × 105) were seeded into six-well plates and cultured under standard conditions. When the cells reached confluence, a wound was made by scraping the cell monolayer with a 200 μl pipette tip. Cell migration was determined by measuring the movement of cells into the scraped area. The process of wound closure was observed and photographed after 24 h. For the cell invasion assay, cells (1 × 105) were resuspended in serum-free medium and then plated into a transwell chamber. The chambers were incubated for 48 h with complete culture medium added to the lower chamber. Nonmigrated cells were removed and chambers were stained with crystal violet. Photomicrographs of five regions were captured from duplicate chambers and the numbers of cells were counted. Experiments were conducted in triplicate.
Dual luciferase reporter assay SW480 cells were seeded into 24-well plates and cotransfected the next day with pMIR-REPORT-3′-UTR SOCS6 or pMIR-REPORT-3′-UTR-mut SOCS6, pMIR-Renilla expressing vector and hsa-miR-301a vector using Lipofectamine 2000 (Invitrogen). At 48 h post-transfection, cells were lysed and analyzed by luciferase reporter assay using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI). Experiments were conducted in triplicate.
Western blot analysis
Western blot analysis was carried out as previously described [16] . Briefly, cells were lysed in RIPA buffer containing a protease and phosphatase inhibitor mixture (Roche, Indianapolis, IN). Equal amounts of protein were resolved by SDS-PAGE, transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA) and then detected by immunoblotting using an enhanced chemi-luminescence detection system. The antibody against SOCS6 was purchased from Abcam (Abcam, Cambridge, MA). The β-actin antibody was obtained from Santa Cruz Biotechnology.
In vivo tumorigenesis assay
Female BALB/c nude mice (4-6 weeks old) were injected subcutaneously in both flanks with 1 × 106 SW480 cells stably expressing miR-301a or empty vector controls. Tumor width (a) and length (b) were measured every 5 days using calipers and tumor volume was calculated by the formula V = a×b2/2. The mice were sacrificed and photographed after 5 weeks. All animal experiments were approved by the Animal Care and Use Committee of Fudan University.
Immunohistochemistry SOCS6 was detected in paraffin-embedded CRC tumor tissues and adjacent normal tissues.
Immunohistochemical staining was performed as described previously [17] .
Results
Upregulated miR-301a expression in CRC tissues and cell lines
To understand the role of miR-301a in CRC, we examined levels of miR-301a expression by qRT-PCR in 20 pairs of CRC tissues and their adjacent normal tissues. As shown in Fig.  1A , the expression of miR-301a was significantly increased in CRC tissues compared with paired adjacent normal tissues. We further assessed the expression levels of miR-301a in CRC cell lines (SW480, LOVO, SW620 and HT29) and normal colon epithelial cell lines (FHC). Consistent with the results found in CRC tissues, miR-301a levels were significantly higher in all four CRC cell lines tested compared with FHC (Fig. 1B) , suggesting that miR-301a is upregulated in CRC.
MiR-301a promotes CRC cell growth in vitro and in vivo
Given that miR-301a was significantly upregulated in CRC tissues and cell lines, we investigated whether miR-301a plays an oncogenic role in CRC development. SW480 cells were used to do the rescue experiment because these cells have low endogenous miR-301a expression in CRC cell lines, while SW620 cells were used to do the knockdown experiment because they have high endogenous miR-301a expression. Overexpression or inhibition of mature miR-301a was confirmed by qRT-PCR ( Fig. 2A) . MTT assay showed that introduction of miR-301a was able to significantly promote SW480 cell proliferation, whereas miR-301a inhibition caused SW620 cells to proliferate more slowly than the negative control (Fig. 2B) . Similarly, overexpression of miR-301a significantly increased the ability of SW480 cells to form colonies (Fig. 2C) . To determine the potential roles of miR-301a in tumor growth in vivo, we injected nude mice with miR-con-infected or miR-301a-infected SW480 cells. Tumor growth was monitored regularly. The results showed that the miR-301a overexpression group exhibited a markedly faster growth rate (Fig. 2D) . Both tumor volume and weight from the miR-301a overexpression group were significantly increased compared with the miRcon group (Fig. 2E and F) . Collectively, these results suggest that miR-301a has an oncogenic function in CRC.
MiR-301a promotes CRC cell migration and invasion
To further verify the oncogenic function of miR-301a in CRC, we next evaluated the effect of miR-301a on the migration and invasion capacity of CRC cells using the woundhealing assay and the matrigel invasion assay. As shown in Fig. 3A and B, overexpression of miR-301a significantly enhanced SW480 cell migration and invasion capabilities compared with the negative control, whereas miR-301a inhibition caused SW620 cells to move more slowly than the negative control, demonstrating the oncogenic effects of miR-301a on the migration and invasion of CRC cells.
MiR-301a directly targets SOCS6
We next searched for the target genes of miR-301a using publicly available databases (TargetScan, Pictar and miRANDA). SOCS6 was selected as a potential downstream target of miR-301a based on the putative target sites at 21-27 base pairs of the SOCS6 3′UTR (Fig.  4A) . To confirm the target sites, the wild-type 3′-UTR region of the SOCS6 gene containing a putative binding site of miR-301a and a mutant 3′UTR were amplified and inserted into a luciferase reporter vector. The luciferase activity assay showed that miR-301a significantly suppressed luciferase activity in the wild type but not the mutant 3′UTR of SOCS6 (Fig. 4B) . Furthermore, ectopic expression of miR-301a resulted in a significant reduction in SOCS6 Transcript levels were normalized to U6 expression. *P < 0.05. 
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staining and qRT-PCR analysis showed that SOCS6 expression was markedly reduced in CRC tissues compared with the corresponding normal tissues (Fig. 5A and B) . Statistical analysis demonstrated that the level of miR-301a was inversely correlated with the level of SOCS6 
mRNA in human CRC tissues (r =−0.676, P = 0.001; Fig. 5C ). Taken together, these results suggest that SOCS6 is a genuine downstream target of miR-301a.
Overexpression of SOCS6 impaired the oncogenic effects of miR-301a
To investigate whether the regulatory effects of miR-301a on the proliferation, migration and invasion of CRC cells are mediated by SOCS6, lentivirus encoding SOCS6 (without 3′-UTR) or SOCS6-3′-UTR (with 3′-UTR) was transduced into miR-301a-overexpressing SW480 cells. As expected, reintroduction of SOCS6 could attenuate miR-301a-induced cell proliferation, migration and invasion, whereas expression of SOCS6-3′-UTR could not (Fig. 6A-D) . Thus, these data suggest that SOCS6 restoration partially counteracts the oncogenic functions of miR-301a.
Discussion
The abnormal expression of miRNAs is commonly observed in human tumors and it has been shown that miRNAs can be tumorigenic, acting as tumor suppressors or oncogenes [18] [19] [20] . Recent evidence has shown that aberrant miRNA expression plays important roles in CRC development and progression [9] . However, knowledge of the abnormal expression and potential role of miRNAs in CRC is largely lacking. Here, we investigated the biological and pathological roles of miR-301a in CRC.
Upregulation of miR-301a has been reported in many human cancers, including gastric cancer, pancreatic cancer, hepatocellular carcinoma (HCC), and breast cancer. Wang et al. showed that miR-301a was significantly upregulated in gastric cancer and promoted cell growth, soft agar clonogenicity, migration, invasion, and decreased cell apoptosis [21] . Chen et al. found that miR-301a overexpression promoted pancreatic cancer cell proliferation by directly inhibiting Bim expression [22] . miR-301a was frequently upregulated in HCC and shown to play an important role in increasing proliferation, migration and invasion and in inhibiting apoptosis of HCC cells [23] . Upregulated microRNA-301a was also reported to promote metastasis in breast cancer by targeting PTEN and activating Wnt/β-catenin signaling [24] . Taken together, these findings support an important role of altered miR-301a during tumor development and progression.
It has been shown that miR-301a expression is significantly upregulated in CRC tissues compared with adjacent normal tissues [15] . However, the biological functions of miR-301a in CRC are still unclear and remain to be further elucidated. In the present study, we first confirmed that miR-301a expression is increased in CRC tissues and cell lines. By gainof-function and loss-of-function studies, we demonstrated that miR-301a promotes cell proliferation, migration and invasion in vitro as well as tumor growth in vivo. Furthermore, we identified SOCS6 as a direct target gene of miR-301a. The luciferase activity assay showed that miR-301a can bind the 3′-UTR of the SOCS6 transcript. Overexpression of miR-301a significantly downregulated the expression of SOCS6 mRNA and protein in SW480 cells, whereas inhibition of miR-301a significantly upregulated the expression of SOCS6 mRNA and protein in SW620 cells. Moreover, we observed low SOCS6 expression and significant inverse correlation of miR-301a and SOCS6 in CRC tissues. Thus, our data suggest that miR301a targets SOCS6 and downregulates its expression in CRC.
Suppressor of cytokine signaling 6 (SOCS6) is a member of the SOCS family and is mainly involved in negative regulation of receptor tyrosine kinase signaling. Reduced expression of SOCS6 has been observed in many human cancers and its down-regulation is correlated with aggressive tumor progression and poor prognosis, suggesting the importance of SOCS6 in tumor growth and progression [25] [26] [27] [28] . It was recently reported that the SOCS6 level is also reduced in CRC and may serve as a diagnostic biomarker for CRC patients [17] . This result is consistent with our findings that SOCS6 is a functional target of miR-301a. To specifically address the implication of SOCS6 in the oncogenic roles of miR-301a, lentivirus coding SOCS6 (without 3′-UTR) or SOCS6-3′-UTR (with 3′-UTR) was transduced into miR-301a- (without 3′UTR) could significantly reverse the effect of miR-301a in SW480 cells. These results suggest that miR-301a regulates CRC cell proliferation, migration and invasion by targeting SOCS6. In summary, our studies reveal that miR-301a acts as an oncogene in CRC and that SOCS6 is a direct downstream target of miR-301a and can be involved in its multiple oncogenic effects. Thus, inhibition of miR-301a may be a promising molecular therapy in CRC treatment.
